Abstract: Macrophages are major targets for infection by human immunodeficiency virus type 1 (HIV-1). In addition to their role as productive viral reservoirs, inappropriate activation of infected and uninfected macrophages appears to contribute to pathogenesis. HIV-1 infection requires initial interactions between the viral envelope surface glycoprotein gp120, the cell-surface protein CD4, and a chemokine receptor CCR5 or CXCR4. Besides their role in HIV-1 entry, CCR5 and CXCR4 are G protein-coupled receptors that can activate multiple intracellular signaling pathways. HIV-1 gp120 has been shown to activate signaling pathways through the chemokine receptors in several cell types including lymphocytes, neurons, and astrocytes. In some cell types, these consequences may cause cellular injury. In this review, we highlight our data demonstrating diverse signaling events that occur in primary human macrophages in response to gp120/chemokine receptor interactions. These responses include K ؉ , Cl -, and nonselective cation currents, intracellular Ca 2؉ increases, and activation of several kinases including the focal adhesion-related tyrosine kinase Pyk2, mitogen-activated protein kinases (MAPK), and phosphoinositol-3 kinase. Activation of the MAPK leads to gp120-induced expression of chemokines such as monocyte chemoattractant protein-1 and macrophage-inflammatory protein-1␤ and the proinflammatory cytokine tumor necrosis factor ␣. These responses establish a complex cytokine network, which may enhance or suppress HIV-1 replication. In addition, dysregulation of macrophage function by gp120/chemokine receptor signaling may contribute to local inflammation and injury and further recruit additional inflammatory and/or target cells. Targeting these cellular signaling pathways may have benefit in controlling inflammatory sequelae of HIV infection such as in neurological disease. J. Leukoc. Biol. 74: 000 -000; 2003.
INTRODUCTION
Human immunodeficiency virus type 1 (HIV-1) entry is initiated by binding of the viral envelope (Env) glycoprotein gp120 to CD4 followed by interactions with a G protein-coupled chemokine receptor (GPCR), CCR5 or CXCR4, on the surface of target cells (reviewed in ref. [1] ). Primary CD4 ϩ T cells and macrophages express CCR5 and CXCR4 in conjunction with CD4, and CD4 ϩ cell lines generally express only CXCR4.
Macrophage (M) tropic (R5) viruses infect macrophages and primary CD4
ϩ T cells using CCR5, and dual tropic (R5X4) viruses infect all three target cell types through CCR5 or CXCR4. T-tropic (X4) viruses infect primary CD4
ϩ T cells and transformed T cell lines thorough CXCR4; however, only a subset of X4 viruses are able to infect macrophages through CXCR4 [2] [3] [4] .
Although engagement of CD4 and a chemokine receptor by gp120 is the initial step required for entry and infection, this interaction can also occur apart from infection as a result of defective virions or soluble gp120 shed from virus particles or infected cells. Recent studies demonstrate that gp120 can activate intracellular signals in multiple cell types, which may provide an additional mechanism of pathogenesis along with direct infection. In some CD4-negative cell types, gp120 has been shown to activate signals by binding to the chemokine receptor directly [5, 6] , although high-affinity, efficient gp120 -chemokine interactions typically require that gp120 first binds to CD4 to undergo conformational changes that induce the chemokine receptor binding site [1] . gp120-triggered signaling has been extensively explored in CD4 ϩ T lymphocytes, where it has been implicated in causing dysfunction and apoptosis [7, 8] . In CD4 ϩ T cells, many gp120-elicited responses are activated through CD4, which is principally linked to the Src kinase p56 lck , so it is important to distinguish signals mediated by the chemokine receptors apart from those activated through CD4. Primary macrophages express CD4 and chemokine receptors but lack p56 lck [9] . Here, we will discuss our studies on the intracellular signaling pathways activated in macrophages through CCR5 and CXCR4 in response to envelope proteins from R5 or X4 viruses and contrast them with results in other cell types. Better understanding of HIV-1 gp120-mediated signaling and determining the role of CD4 versus chemokine receptor ligation may provide important insights into mechanisms of HIV-mediated immune dysfunction and suggest new avenues for therapeutic intervention.
ION CHANNEL ACTIVATION
GPCR are frequently linked to ion channels [10, 11] , and in macrophages, ionic signals are important regulators of many functions including innate host defense and secretory responses such as cytokine production, respiratory burst activity, nitric oxide production, and other effects [12, 13] . Therefore, we determined the effect of gp120/chemokine receptor interactions on ionic signaling in primary human monocyte-derived macrophages (MDM). Using whole-cell patch-clamp analysis, we found that chemokine receptor stimulation in macrophages opens several ion channels in MDM [14] . Instantaneous reversal potentials, pharmacological inhibitors, and ion substitution experiments showed that an initial transient, outward K ϩ current and subsequent slow, inward Cl -current were activated by gp120 and by macrophage-inflammatory protein-1␤ (MIP-1␤; CCL4) and stromal derived factor-1␣ (SDF-1␣; CXCL12), the natural ligands for CCR5 and CXCR4, respectively ( Table 1) . Chelating extracellular calcium with EGTA inhibited the K ϩ current, indicating a calcium-activated potassium (K Ca ) current. We also found that gp120 activated a calcium-permeable, nonselective cation current that was not elicited by the chemokines. When macrophages were pretreated with the CXCR4 antagonist AMD3100 [15] , they failed to activate currents in response to X4 gp120 and SDF-1␣ but responded to R5 gp120 and MIP-1␤, and macrophages from donors homozygous for a nonfunctional allele of CCR5 [16] responded to X4 gp120 and SDF-1␣ but not to R5 gp120 and MIP-1␤. These results indicate that ionic currents result from specific signaling through the chemokine receptors and not via CD4, as CD4 would remain accessible to gp120 despite CXCR4 blocking or the absence of CCR5.
The overall patterns of ionic signaling activated by R5 and X4 gp120 were similar, but we found less-frequent K ϩ current activation by the X4 envelope. The lower propensity to activate the K Ca current may be a result of the fact that X4 gp120 elicited lower [Ca 2ϩ ] i levels ( Table 1 and discussed below). Other functional responses differ between R5 and X4 gp120 as well, such as differential mitogen-activated protein kinase (MAPK) activation (discussed further below). Although blocking CXCR4 and CCR5 eliminated all gp120 and chemokineelicited current responses in MDM, there were distinctions between Env and the natural ligands, as the nonselective cation channel was activated by gp120 but not by chemokines. This difference raises the question of whether there is differential signaling by the two types of ligands mediated exclusively by the chemokine receptors or whether gp120 responses through CCR5 and CXCR4 are modified by prior engagement of CD4, although CD4 engagement alone does not evoke a response. Thus, gp120 binds to macrophage chemokine receptors as a specific ligand and transduces ion channel-activating signals.
Ionic signaling in response to gp120 has been reported in other cell types as well. Exposure of primary rat or human astrocytes to gp120 or HIV virions stimulates Na ϩ /H ϩ antiport and K ϩ conductance [17, 18] . These signals lead to the release (or inhibit reuptake) of glutamate, a neurotransmitter that activates excitatory amino acid receptors on neurons, inducing increases in neuronal [Ca 2ϩ ] i and cellular death. These mechanisms have been proposed to contribute to neuronal injury in the pathogenesis of HIV-associated dementia (HAD) and suggest that drugs that block gp120-induced changes in [Ca 2ϩ ] i in neurons and astrocytes may help in the treatment of HAD [19, 20] .
The specific domain of gp120 responsible for triggering chemokine receptor activation has not been formally investigated. However, a multibranched peptide derived from the V3 loop of gp120 has been shown to trigger a potent, inward Cl -current in Xenopus oocytes expressing human CXCR4 [21] . Ionic nature of currents was determined from current reversal potentials, specific pharmacologic inhibitors, and ion substitution studies as described [14] . b Intracellular Ca 2ϩ ([Ca 2ϩ ] i ) was determined in macrophages loaded with Fura-2 AM and calculated from F340/F380 ratios following (340Ϯ10 nm, 380Ϯ10 nm) band with excitation as described [14] .
c Peak current amplitude (pA; meanϮSEM). Although the V3 loop is not the main chemokine receptorbinding region of gp120, this domain does interact with the chemokine receptor and is a main determinant of CCR5 versus CXCR4 selectivity [22] . Recently, peptides representing V3 from R5 or X4 gp120 were shown to mimic the ␤-hairpin structure of the respective chemokines [23] . These data together raise the possibility that the V3 domain of gp120 could be interacting with the receptors in a manner that recapitulates chemokine interactions, thereby eliciting chemokine-like activation. Thus, the molecular interaction responsible for triggering chemokine receptor signaling by gp120 may be related to but distinct from the interaction responsible for inducing the conformational changes in Env that ultimately lead to fusion.
[ ] i in a variety of cell types in response to chemokine stimulation. Using Fura-2-loaded primary human macrophages, we found that R5 and X4 gp120 induced [Ca 2ϩ ] i elevations (Table 1 ) [14] . However, the peak [Ca 2ϩ ] i elicited by R5 gp120 was nearly twice that elicited by X4 gp120, with higher steady-state levels as well. We suspect that the higher [Ca 2ϩ ] i elicited by R5 gp120 underlies the greater propensity to activate K Ca currents compared with X4 gp120. It remains to be determined whether higher [Ca 2ϩ ] i levels elicited by R5 compared with X4 gp120 reflect differences in receptor expression [25] , the higher affinity of CD4-triggered R5 gp120 for CCR5 compared with CD4-triggered X4 gp120 for CXCR4 [26] , or distinct, intrinsic signaling properties of the receptors.
A major focus of interest relevant to gp120-elicited [Ca 2ϩ ] i increases has been as a possible determinant of viral entry and/or post-entry events in infection, particularly in macrophages. It is well established that chemokine receptor signaling is dispensable for HIV-coreceptor function in cell lines [27, 28] . However, the first report of gp120-triggered, chemokine receptor-mediated [Ca 2ϩ ] i elevations in T cells showed detectable elevations by Env from macrophage-tropic but not nonmacrophage-tropic HIV and simian immunodeficiency virus (SIV) strains [29] . This result was intriguing, as all SIV strains use CCR5, and macrophage tropism appears to be determined at a post-entry step [30] and suggested that differences in intracellular signaling might influence post-entry steps of infection. Subsequently, it was reported that HIV-1 and SIV strains with gp120 envelopes that did not elevate [Ca2ϩ] i in macrophages failed to complete replication, and this failure could be complemented by the natural ligand MIP-1␤, which converted nonproductive infection to productive infection [31] . This issue remains unclear, however, as other reports have suggested that Ca 2ϩ mobilization and the signaling capacity of CCR5 are dispensable for infection even in primary human macrophages [32] .
Nevertheless, it is uncertain how [Ca 2ϩ ] i increases might facilitate infection. Following entry, the nucleocapsid must migrate to the nucleus, a process that is believed to involve use of host-cell cytoskeletal pathways [33] . We found that gp120-induced Ca 2ϩ elevations in macrophages activate the cytoskel- 2ϩ ] i mobilization may activate cytoskeletal-associated kinases that participate in post-entry steps of infection through cytoskeletal rearrangement and enhanced nuclear migration.
As noted above, [Ca 2ϩ ] i mobilization in response to gp120 has been observed in several cell types. In cultured human and rodent neuronal cells, gp120 appears to disrupt neuronal Ca 2ϩ homeostasis directly, resulting in Ca 2ϩ overload that renders neurons vulnerable to excitotoxicity, cellular dysfunction, and death [34 -37] . These findings have provided the rationale for testing whether drugs that stabilize cellular Ca 2ϩ homeostasis might protect neurons against the toxic effects of gp120 in HAD.
PROTEIN KINASE ACTIVATION
Nonreceptor protein kinases are also frequently activated by GPCR stimulation [38] , and so, we addressed several protein kinases that play central roles in immune-cell function. Pyk2 is a focal adhesion-related tyrosine kinase that links GPCR, ionic signals, and other downstream pathways in several cell models [39, 40] . As shown in Figure 1A , gp120 and chemokine stimulation of macrophages induced phosphorylation of Pyk2 [41] . Similar results have been reported in T cells, where Pyk2 and FAK are activated by gp120 [42, 43] . Pyk2 is often Ca 2ϩ -regulated [39] , and we found that [Ca 2ϩ ] i elevations link CCR5 stimulation and Pyk2 activation in macrophages, as extracellular chelation with EGTA or antagonists of specific Ca 2ϩ channels (particularly calcium release-activated calcium channels) blocked gp120-induced Pyk2 phosphorylation (data not shown). In contrast, CCR5-mediated Pyk2 activation in macrophages was not sensitive to pertussis toxin (PTx), which inhibits G␣ i but not the G␣ s , G␣ q , G␣ 12/13 subunits, indicating that it is not coupled through G␣ i . These results suggest that CCR5 signaling in macrophages is coupled to pathways other than G␣ i . Indeed, in other cell types, GPCR activation of various kinases is associated with G␣ i -and G␣ q -coupled pathway [40, 44] . Alternatively, it is possible that other signaling pathways independent of G proteins may be responsible, as occurs with several other GPCR [45, 46] . As noted above, the functional importance of Pyk2 or FAK activation is uncertain, although modification of the cytoskeleton is one possible effect.
MAPK are central regulators of many important cellular activities [47] . We found that gp120 stimulation of macrophages activated two MAPK, JNK/SAPK and p38 MAPK (Fig.  1A) . Of note, R5 gp120 reliably activated these kinases, and X4 gp120 activation was inconsistent, indicating another difference between the CCR5-and CXCR4-mediated pathways. Like Pyk2, activation of macrophage MAPK was not blocked by PTx, again indicating G␣ i independence (data not shown).
Other groups have investigated activation of MAPK pathways as well. Using CD4 ϩ /CXCR4 ϩ cell lines, it was reported that binding of X4 HIV-1 gp120 activated extracellular-regulated kinase (ERK), another member of the MAPK family [48] . However, that response was mediated by CD4, as CD4-independent X4 gp120 did not activate ERK through CXCR4, although the natural CXCR4 ligand SDF-1␣ did. In contrast, using cell lines engineered to express CCR5 as well as CD4, they found that binding of R5 SIV virions (but not gp120 alone) activated JNK and p38 as well as ERK through CCR5 [49] . Those data suggested that R5 and X4 gp120 interact differently with their respective chemokine receptors; that gp120 and chemokines differentially induce MAPK activation through the chemokine receptors; and that cross-linking or multivalency may be required for gp120 to activate intracellular signals through the chemokine receptors. CXCR4-mediated, CD4-independent activation of JNK and p38 has been reported in other cells as well [50] . Thus, in addition to differences between gp120 and chemokines and between CCR5 and CXCR4 responses, the signals activated through these receptors are likely to be highly cell type-specific as well.
We also found functional evidence for phosphoinositol-3 kinase (PI-3K) activation by gp120. It has long been known that gp120 can induce macrophages to secrete tumor necrosis factor ␣ (TNF-␣) [51, 52] , and we determined that this response was blocked by a selective PI-3K inhibitor (data not shown). Similar results showing that soluble and virion-associated gp120 activates PI-3K in macrophages were recently reported [53] , and furthermore, inhibition of this signaling pathway suppressed virus infection at a step post-entry but before gene expression.
In addition to affecting cytokine production and cellular function, previous studies have suggested that MAPK activation can facilitate HIV-1 replication through activated protein-1-and nuclear factor-B-mediated pathways that enhance viral gene expression [54, 55] . Thus, it is possible that MAPK activation by gp120 may contribute to viral replication in an autocrine or paracrine manner. It is interesting that a recent report showed that Env can induce HIV expression in latent resting T cells obtained from infected individuals [56] . Although FAK and -associated protein-70 were activated in resting T cells by gp120, it was not clear as to what pathways were specifically responsible for HIV up-regulation.
gp120 SIGNALING IN CHEMOKINE/CYTOKINE SECRETION
Chemokines and cytokines play important roles in inflammation and in sustaining viral infection through immune cell 5 cells per well in 24-well plates, cultured for 6 days to allow differentiation to MDM, cultured under serum-free conditions for an additional 24 h, stimulated with gp120, and analyzed by Western blot as described [41] . (A) Cells were treated with recombinant gp120 (2.5 g/ml) generated in a vaccinia virus system from the R5 prototype strain JRFL and X4 prototype IIIB for 5 min (Pyk2) or 5-15 min (MAPK). Cell lysates were separated on 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes, and subjected to Western blot with antibodies specific for phosphorylated forms of Pyk2, c-jun NH 2 -terminal kinase (JNK)/stress-activated protein kinase (SAPK), and p38 MAPK. The membranes were then stripped and re-probed with antibodies that detect total Pyk2, JNK/SAPK, and p38 MAPK. Cntl, Control. (B) MDM were treated with the p38 MAPK inhibitor for SB202190 for 60 min and then exposed to JRFL gp120 for 24 h. MIP-1␤ and monocyte chemoattractant protein-1 (MCP-1) production in supernatant was detected by enzyme-linked immunosorbent assay.
activation and recruitment of new target cells. Changes in the production of specific chemokines have been demonstrated during the course of HIV infection and may be particularly important in the brain where immune cell activation and recruitment appear to have an important role in HAD pathogenesis [57] [58] [59] . Many studies over the past decade have demonstrated that macrophages produce cytokines, chemokines, and other soluble mediators after exposure to gp120 or virions [60 -63] , although the pathways and mechanisms had not been defined. We found that macrophages exposed to gp120 produced MCP-1 and MIP-1␤, consistent with other reports. In addition, production of these mediators in response to gp120 was triggered by chemokine receptor activation. Upon further investigation, we determined that this was dependent on the p38 MAPK pathway, as a specific p38 MAPK inhibitor (SB202190) blocked their secretion (Fig. 1B) [41] . We also found that HIV gp120-induced macrophage TNF-␣ production (as reported previously [63] ) and that the PI-3K blocker LY294002 and ERK-1/2 (p44/42) MAPK inhibitor PD98059 suppressed this effect (data not shown). Thus, PI-3K and ERK activation appear to be involved in gp120-induced TNF-␣ production.
Macrophage cytokine and chemokine production elicited by gp120 may have several important effects. Chemotactic and proinflammatory mediators can cause cellular recruitment and activation that may contribute to the pathogenesis of local disease (discussed further below). In addition, many secretory molecules can regulate viral replication in a positive and negative manner. The ␤-chemokines can block virus entry by competing with gp120 for binding to chemokine receptors [64, 65] . At the same time, many factors elicited by gp120 stimulation activate cellular signals that modulate HIV-1 replication leading to up-and down-regulation (reviewed in ref. [66] ).
CONCLUSIONS gp120-elicited macrophage signaling in pathogenesis
Env-mediated signaling may contribute to several aspects of disease. In T cells, indirect mechanisms of cell killing appear to play an important role in pathogenesis, and gp120-induced apoptosis of T cells is well described. Although CD4 engagement is the principal factor inducing T cell apoptosis [67] , chemokine receptor engagement can modulate the mechanism of apoptosis [68] . gp120 signaling may also lead to T cell anergy, although CD4-mediated pathways seem to play a central role in this phenomenon [7] .
In contrast to T cells, macrophages are not depleted during the course of HIV infection. However, inappropriate macrophage activation appears to play a major role in the pathogenesis of important complications that occur during the course of AIDS. The activation pathways identified here (Fig. 2) may contribute to these macrophage activation-dependent sequelae. Up to one-quarter of infected individuals develop HAD, which is characterized by infection of macrophage/microglia cells in the brain, elevated levels of multiple cytokines and chemokines (including TNF-␣, MCP-1, and others), and activation of uninfected and infected macrophages/microglia. In vitro studies have demonstrated that gp120 exposure and direct infection induce macrophages to produce a variety of inflammatory mediators that may contribute to cellular activation and recruitment as well as substances with direct, neurotoxic potential [66] . Ultimately, neuronal apoptosis may mediate HIV-induced injury. Although the importance of gp120/macrophage interactions in eliciting inflammatory and neurotoxic products that contribute to HAD pathogenesis has been recognized for many years, the molecular mechanisms of gp120 activation have been obscure. We have identified specific signaling pathways activated by Env through the chemokine receptors that may be responsible. In addition, gp120 itself may interact with chemokine receptors on neurons or astrocytes to elicit Ca 2ϩ elevations and other pathogenic responses that lead finally to neuronal apoptosis. Thus, signaling pathways linked to chemokine receptor activation may be an important mechanism of direct and indirect neuronal injury in HAD. Fig. 2 . Signal transduction pathways elicited by Env interaction with chemokine receptors on macrophages. Our results provide a possible mechanism for gp120/chemokine receptor-induced macrophage activation, which may lead to immune dysregulation through intracellular calcium mobilization, protein tyrosine kinase activation, and cytokine production such as TNF-␣. These responses may play a role in the pathogenesis of disease where inappropriate macrophage activation is seen, such as HIV-associated dementia. Signaling molecules, which we have confirmed to be activated by gp120, are shown in black, and confirmed pathways are shown with a solid line [14, 41] . Suspected factors that may be involved are shown in white, and potential pathways are shown with dotted lines. PLC, Phospholipase C; MAPKKK, MAPK kinase (MAPKK) kinase.
